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1. Estimation of fraction crystallized in the film

To obtain the temperature dependence of bulk crystallinity quantitatively, we
evaluated the fraction crystallized in bulk (x,,) by deconvoluting IRAS spectra S(®) into two

spectral components: Sasw(@) of ASW and Sci(@) of CI component.'-* Figure S1 shows the

IRAS spectra of 18 ML ASW film at 148, 151, 152, and 156 K (from top to bottom)

simultaneously taken during a TPD measurement. Dashed lines in Figure S1 represent the

fitting results of the IRAS spectra by a linear combination of Sasw(@) and Sci(@) as
S(w,T) = AT {1 (T) * S (@) + (1 = %31 (T)) * S gspp (@)}, (S1)

where 4 is a proportional constant corresponding to the film thickness.
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Figure S1. (a) Deconvolution of IRAS spectra into ASW (top) and CI (bottom) components.
These spectra were taken during a TPD measurement at a heating rate of 0.1 K/s for the ASW
film with initial thickness of 18 ML grown at 110 K. Dashed lines are the fitting results using
a linear combination of the two spectral components. (b) Temperature dependence of 4 and
Xpux derived from the curve fitting. The region between two black dashed vertical lines
represents the temperature range where crystallization proceeds. Thickness derived from the

TPD trace (Figure 1a) is also shown for comparison.



Because the OH stretching band profile of H,O films depends on the film thickness
due to the flexible thickness-dependent structural change in the ultrathin hydrogen-bond
network discussed in the main text (Figure 4), we need to take account of the thickness
dependence of Sasw(@) and SCI(w). Figure S2 shows the peak normalized IRAS spectra of
ASW and CI films. In the H;O ASW spectra (Figure S2a), the relative intensity at 3300 cm!
increases with increasing thickness while those at 3050 and 3550 cm™! decrease. In contrast to
the decoupled OH stretching vibration of HDO molecules in D,0 ice, the spectral shape of OH
stretching of neat H,O ice is significantly affected by the intramolecular vibrational coupling in
H,O and intermolecular coupling among OH moieties;*® this makes the hydrogen-bonded OH-
stretch bands of neat H,O ice rather complicated. In the case of H,O CI, the relative intensity of
the shoulder peak at 3370 cm™! decreases with increasing thickness from 5 to 18 ML (Figure
S2b), as observed in the previous IRAS study of OD stretching band of D,O CI.”
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Figure S2. Thickness dependence of IRAS spectra of (a) H,O ASW and (b) H,O CI films. Each

spectrum is normalized at its peak.

To take the thickness dependence into account, we used a linear combination of the

two thickness-normalized spectra as follows,
Sei(w:Bcp)
O¢;

SASW(w;QASW)

S(w,T) = A(T)|x, . (T) - -
ASW

+ (1= xp, (1) - , (52)

where SCI(w;QCI) and SASW((‘);QASW) are the spectra of ASW films grown at 110 K and CI
films annealed at 155 K measured separately at the thickness of O asw and 96‘1, respectively.

Figure S1b shows the temperature dependence of A and *bulk of the H,O ASW film with an

initial thickness of 18 ML. To confirm the accuracy in estimating the film thickness with Eq. S2,
we also plot in Figure S1b the temperature dependence of the film thickness derived from the
TPD trace of 18 ML ASW film (Figure 1a): the temperature dependences obtained with these

different methods agree well with each other.



2. Isothermal crystallization at surface and in bulk

Figure S3a shows ITD traces for 31 ML H,O ASW films at 148 K. The time

evolutions of ¥surf and *butk derived from the deconvolution of ITD traces and in-situ IRAS are

shown in Figure S3b. Both Xsurf and *bulk changed simultaneously in the isothermal process as

in the heating process (Figure 2), indicating that the entire films are crystallized homogeneously.

The effect of deposition rate on the crystallization mechanism was also investigated.
Figure S4 shows the time evolutions of *surf and *bulk during the isothermal crystallization of
the ASW ultrathin films deposited with a rate of 0.3 ML/s. Similar time evolutions of Xsurf and

Xbulk indicate homogeneous nucleation and crystallization of this film as those deposited at

0.02ML/s (Figure 2 and S3). Therefore, deposition rate does not affect the crystallization

kinetics and mechanism of ASW ultrathin films in our experimental condition.
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Figure S3. (a) ITD profiles of 31 ML ASW (red) and crystalline-ice (blue) films annealed at 148 K,

and (b) time evolution of *surf and *bulk. Definition of the crystallization time  is given in (a).
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3. Comparison of crystallization time and temperature with those obtained in previous
reports

We monitored isothermal crystallization of ASW ultrathin films on Pt(111) grown at
110 K using IRAS. Figure S5a shows the thickness dependence of crystallization time Teat 145

K of the current study (red cross) together with that reported previously (black cross).®® Here Te

is defined as the time required for complete crystallization as shown in Figure S3(a). The
previous result was obtained by ITD at 145 K for ASW films on Pt(111) grown at 100 K and is
quantitatively consistent with our results. Lofgren and Ahlstrom et al. proposed only on the
basis of this ITD measurement that the crystallization is initiated at the ASW/Pt(111) interface
and proceeds heterogeneously.®® However, our results definitely show that this kind of
thickness dependent crystallization is initiated by homogeneous nucleation and proceeds
homogeneously (Figures 2, S3b and S4).

Figure S5b shows thickness dependent changes of isothermal crystallization kinetics
of ASW ultrathin films on Ru(0001), Au(111) and graphite in comparison with those on

Pt(1111).511  Tc of ASW films on these substrates shows similar thickness dependence: it

markedly increases as the thickness of the ultrathin film increases from ~5 ML to ~20 ML,
while it levels off and converges to the constant value Tc-max above around ~20 ML. While it is
expected from the similar thickness profiles that the crystallization processes of ASW ultrathin
films grown on other substrates may also be initiated by homogeneous nucleation as those on
Pt(111), we cannot explicitly conclude the crystallization mechanism on other substrates
without conducting simultaneous measurements of thermal desorption and IRAS. Because the
relationship between hydrophobicity of substrates and the crystallization mechanism and
kinetics of ASW nanofilms is a controversial issue,'>!7 further detailed investigation is
necessary for definitely concluding the crystallization mechanism of ASW ultrathin films in

relation to hydrophobicity and microscopic structure of substrates.
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Figure S5. (a) Thickness dependence of crystallization time ‘c derived from the isothermal
crystallization process of ASW films on Pt(111) annealed at 145 K. Red and black crosses indicate
results of this work and those of previous work®® by ITD, respectively. (b) Thickness dependence of e
normalized to “c-max of ASW films grown on various substrates, Pt(111),5-10 graphite,®* Au(111),!! and

Ru(001).!! In previous reports,!! Tc was determined by ITD while our c in this figure was obtained by
isothermal IRAS measurements at 143 and 145 K. Full width of half maximum of the IRAS spectra of

isotope diluted HDO (Fig. 4c) is also shown for comparison (Pink open circle).
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Figure S6. Thickness dependence of the crystallization temperature defined at “x=0.5" derived
from TPD profiles of H,O and D,O ASW films on Pt(111). IRAS measurements in this work
were conducted at heating rate of f = 0.1 K/s while TPD measurements in the previous
work!'® were conducted at heating rate of f = 1 K/s. The difference of # (0.1 and 1 K/s)
induces a difference of crystallization temperature of about 5 K. Note that crystallization
temperature determined at x=0.5 instead of x=0.1 is plotted here for direct comparison with the

results of ref.18.



4. Vibrational signature of H,O superstructure on Pt(111)

Previous  LEED,'0-1920  HAS?! and STM?*-?*  observations  reported
(V37 X~[37)R25.3° o (/39 x/39)R16.1° superstructures on Pt(111) at deposition
temperatures around 130 K. In the superstructures, water molecules have shorter hydrogen-bond
distances than that of bulk ice.?>?* Feibelman et al.?>2¢ attributed the peak at 1965 cm! of 1 ML
H,O films on Pt(111) to the OH stretching band of H,O molecules with shorter hydrogen-bond
distances (2.5-2.6 A). We have also confirmed the peak at 1965 cm! in the IRAS spectra of ~1
ML H,O0 films grown at 110 K and 140 K (Figure S7).
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Figure S7. IRAS spectra of ~1 ML H,O films on Pt(111). (a) Deposition temperature

dependence. (b) Comparison with previous work.?



5. Activation energy of crystallization and Avrami index as a function of film thickness

The fittings of the crystallization curve with the Avrami equation (Figure 3a) give n
and k as a function of thickness (Figures 3b and 3c). Figure S8a shows the Arrhenius plots of £.
From these plots, we estimated the apparent activation energy of crystallization, Ey (Figures 3d
and S8b).

As discussed in the main text, £, is given by the sum of the activation energy for
nucleation Ey and crystalline growth Eg as eq 4. The n dependence of Ej is also calculated with
Ex = 140 kJ/mol and Eg = 40 kJ/mol reported previously for thick bulk ASW film.! Good
agreement is observed for E, at n~4 between our experimental result (~50 ML) and calculation
with Ey = 140 kJ/mol and Eg = 40 kJ/mol. However, as shown in Figure S8b, calculated E, for
the constant Ey = 140 kJ/mol and Eg = 40 kJ/mol monotonically increases with decreasing n.
This feature is in stark contrast to our experimental result, suggesting that Ey and Eg for the

thermally relaxed ASW ultrathin films are not constant and decreases with decreasing the film

thickness (n).
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Figure S8. (a) Arrhenius plot of k£ derived from Avrami fitting (Figure 3a). (b) n dependence of

E4 derived from the Arrhenius plot of £ (open diamond) and that derived from eq 4 with constant

Ex and Eg reported for the thick bulk ASW! (filled circle)
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